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Theoretical investigation of heat-flux spreading
in metal-clad ridge-waveguide diode lasers*

W. Nakwaski

Institute of Physics, Technical University of £6dZ, ul Wdlczanska 219, 93-005 £6dz, Poland.

Results of the theoretical analysis of heat spreading in metal-clad ridge-waveguide (MCRW)
(InGa)(AsP)/InP laser diodes are presented in this work. In a typical MCRW laser diode the
abstraction of heat through the ridge appears to play only supplementary role in the whole
heat-sinking process, since 60%-70% of the heat flux generated in the active region of this laser
flows through the substrate. Theoretical values of the thermal resistances of a typical MCRW laser
diode (S=5 pm) are equal to 59 K/W and 68 K/W for the copper and the silicon
submounts, respectively. These values agree very well with the experimental data.

1. Introduction

Metal-clad ridge-waveguide (InGa) (AsP)/InP laser diodes [1]-[8] are ones of the
most promising coherent light sources in fibre optical communications because of
their excellent operation characteristics as well as of their low-cost, one-step LPE
manufacturing.

Operation characteristics of these diodes are, however, distinctly tempera-
ture-dependent. Therefore it seems advisable to investigate their thermal model
and compare the obtained results with the experimental data.

2. Theoretical model

The analysis of heat-flux spreading in the metal-clad ridge-waveguide (MCRW)
(InGa) (AsP)/InP laser (Fig. 1) is rather complex because of its “ridge” construction
(usually with two channels), multilayer structure and non-homogeneous boundary
conditions. The last feature is due to the fact that most of the upper surface part of
the laser is covered with an oxide layer, whose thermal conductivity is relatively low,
while the vertical walls of the ridge are or are not covered with such a layer. Both
cases have been considered, but the calculated thermal resistances do not differ
distinctly.

It is rather impossible to find an exact analytical solution to this complex heat
spreading problem. Numerical methods are much time-consuming, require a very

* This work was carried out under the Polish Central Programme for Fundamental Research CPBP
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quick and capacious computer and are efficient only when using special numerical
procedures not always available. Therefore, the analog electrical method of the
calculations has been chosen.

The main heat source in the laser is placed in its active layer and is connected
mostly with nonradiative recombination and, to a lesser degree, with the absorp-
tion of radiation within and near this area. We assume that the active layer heat
source, because of its undoubtedly dominant role, is the only heat source in the RW
laser diode.

. thermal
thickness .o quctivity
yum W/mK
contact
oxide 0.2 20
p-In GaAsP 0.6 103
p-InP 15 68
p - InGaAsP 0.2 10.3
A - InGaAsP 015 4.7
o. ™ 5.0 68
n-InP
(substrate) 8 68

contact

Fig. 1. Schematic drawing of the (InGa) (AsP)/InP metal-clad ridge-waveguide laser diode

In the work [9], the increase in an active layer temperature in the RW laser diode
was determined by measuring the temperature-dependent voltage drop at the p-n
junction at a fixed current [10], [11]. For the laser diodes under consideration, the
temperature rise versus the drive current appeared to be nearly linear [9], therefore
the Joule heating has not been taken into account. Its yield of heat generation
process seems to be rather low.

Two heat sources connected with the radiative transfer of spontaneous radiation
energy have been also neglected mainly because of their yields being an order of
magnitude lower than that of the main heat source, and also because of different
positions of these sources. One of them is placed very close to the copper heat sink of
a high thermal conductivity (i.e., within the cap (InGa) (AsP) layer), whereas the
second one is situated very far from the active area (i.e., the semiconductor/bottom
contact interface), and the heat flux generated there is to a considerable extent
conducted by the metallization and the bonding wire.

In the analog electrical model, the active area is divided into 201 identical
segments and spreading of the current (i.e., of the heat flux) generated in each
segment is considered separately. A resultant potential (i.e., temperature) distribution
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is obtained using the superposition rule. In the calculations the multilayer structure
of the laser, the thermal resistance of contact and oxide layers, the spreading thermal
resistance of a heat sink and the radiative transfer of the spontaneous emission are
taken into account.

Spreading of the current generated in one segment of the active area is
schematically shown in Fig. 2. The current is divided into two parts: one flowing
throug the ridge, and the other which flows through the substrate. The correspond-

ing thermal resistances denoted in this figure form a simple current circuit shown
in Fig. 3.

Fig. 2. Spreading of the current generated in the i-th segment of the active area in the analog electrical
model of the metal-clad ridge-waveguide laser diode

J3r

vin

Fig. 3. Equivalent electrical circuit of the current spreading shown in Fig. 2
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3. Results

Main results of the theoretical model in form of plots of the above mentioned
position-dependent thermal resistances are presented in the next two figures.
Nominal set of the parameters used in the calculations is given in Tab. 1

Table 1. Nominal set of the parameters used in the calculations

Parameter Denotation Value Unit
Chip length L 200 pm
Chip width w 400 pm
Stripe width S 5 pm
Groove width C 15 pm
Thicknesses of the layers:

— n-type InP dn 85 pm
active Ga029 Ino.72 ~s0.62 P0.38 A 0.15 pm
etch-stopping Ga009 In091 As020 P0.8o 0.3 pm
ridge p-type InP ap 15 pm

— cap Ga028 In072 As062 P0.38 0.6 pm

— oxide Si02 i 0.2 pm

— solder In 10 pm

In the case of adiabatic sidewalls of the ridge (Fig. 4), i.e., for a very high thermal
resistance of the oxide layer covering these walls, the ridge thermal resistance RA is
quite high and nearly constant. Heat abstraction through the substrate (described by
the thermal resistance RB is much more efficient.

The same plots for the more realistic assumption of isothermal sidewalls are
shown in Fig. 5. It appears, however, that, for both the cases, the heat abstraction
through the ridge plays only a supplementary role in the whole heat-sinking process
in the MCRW laser diode, and that about 60%-70% of the heat'flux generated in
the active region flows through the substrate. This result is in a very close agreement
with that published by Piprek and Nuernberg [12] who analysed the heat
spreading in an RW (InGa) (AsP)/InP laser using a special numerical procedure
prepared by the University of California at San Diego. It was also confirmed by an
experiment [9].

The results of an approximate Amann’s model [13] shown in both the figures
are not consistent with our ones. The discrepancy is caused by numerous (and
not always justified) assumptions taken by Amann. Nevertheless, he also justly
pointed out that the major contribution to the heat dissipation in a typical MCRW
laser diode was connected with the heat path approaching the heat sink in the
regions beyond the ridge.

Theoretical values of composite thermal resistances RAand RB(cf. Fig. 3) of the
nominal laser structure (see Tab. 1) are compared with the experimental ones [9] in
Tab. 2. As one can see, these values are very close to one another confirming the
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adiabatic sidewalls of the ridge
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isothermal sidewalls of the ridge

Fig. 4. Position-dependent thermal resistances in the case of adiabatic sidewalls of the ridge of the

standard MCRW (InGa) (AsP)/InP laser diode (see Table 1)

Fig. 5. Position-dependent thermal resistances in the case of isothermal sidewalls of the ridge of

the standard MCRW (InGa) (AsP)/InP laser diode (see Table 1)

Table 2. Comparison of theoretical and experimental values of the composite thermal resistances RAand

RB of the nominal MCRW (InGa) (AsP)/InP laser structure

Theory
Thermal resistance
Structure
with without
Denotation Unit .
oxide layer on
vertical walls
K/W 133 185
K/W 86.5 86.5

AT KIW 52 59

Experiment [9]

170-220
80-85
55-61
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validity of the model. The relatively high experimental value of the RA thermal
resistance may be due either to the presence of the oxide layer on vertical walls of the
ridge or to the formation of intermetallic compounds between the gold contact and
the In solder.

The model validity is also confirmed by comparison (in Tab. 3) of theoretical (for
the structures with an oxide layer on vertical walls of the ridge) and experimental [9]
values of the thermal resistances RTH of various laser structures: common,
half-soldered and with channel free of solder.

Table 3. Comparison of theoretical and experimental [9] values of thermal resistances RTH of the
MCRW lasers

Thermal resistance

Cu heat sink Si heat sink
Structure Theory Experiment Theory Experiment
Ordinary 59 55-61 68 65-75
Half-soldered 116 - 144 156-164
Solder-free channel 83 - 91 80-82

4. Conclusions

Theoretical analysis of heat-flux spreading in the metal-clad ridge-waveguide (InGa)
(AsP)/InP laser diodes is presented in this work. Theoretical model is based on the
analog electrical method. Its results are compared with the experimental ones.

In appears that in a typical MCRW (InGa) (AsP)/InP laser diode the heat
abstraction through the ridge only plays a supplementary role in the whole
heat-sinking process and that 60%-70% of the heat flux generated in its active area
flows through the substrate.

Theoretical values of the thermal resistances of the standard (S= 5 pm)
metal-clad ridge-waveguide (InGa) (AsP)/InP laser diode are equal to 59 K/W and
68 K/W for the copper and the silicon submounts, respectively. These values
agree very well with the experimental data.

The above theoretical analysis makes it possible to carry out thermal op-
timalization of the laser structure.
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TeopeTnyeckoe uMcCnefoBaHWe rMpoLecca pacnpegeneHns Tensa B fiasepax
¢ H-o6pasHbIM BOMHOBOAOM MOKPbLITHIM MeTaniom (Tuna MCRW)

B paboTe npeacTaBneHbl pesynbTaTbl TEOPETMYECKOro aHanusa npouecca pacnpegeneHna Tenna
B nasepax Tuna MCRW (metal-clad ridge-waveguide lasers), T. e. B nasepax ¢ H-06pa3HbIM BO/THOBOJOM
NOKPbITbIM MeTannom. OKasanocb, 4YTO 0TBOA Tenna H-o6pasHbIM MrpaeT B 3TOM MpoLecce f1Lb
[ONOSTHNTENbHY nofb ¥ 60-70% cTpyu Tenna reHepyemoro B [AeACTBYHOLel 061acTu NpoxoaunT
yepes OCHOBaHue. 18 TUAUYHOW KOHCTPYKuun nasepa MCRW wunpuHOli nonocaToi AelicTBYlOLLEN
obnactm S =5 pm TeopeTMYeCcKoe 3HauyeHWe TensioBOro conpoTusneHus ecTb 59 K/W (gns na-
3epa MPUKPENIEHHOTO K MeAHOW ocHoBe) M 68 K/W (B crnyvae KpeMHeBOW OCHOBbI). OTU 3HaYeHWs
XOPOLLO COrnacytTcs C 3IKCNepUMEHTaNIbHbIMU [JaHHbIMU.



